Introduction
Thus far, findings on the pathophysiology of anorexia nervosa have failed to affect prognosis. 1 Prediction of long-term outcomes has consistently identified weight gain during treatment after initial symptom onset as critical to better prognosis, 2, 3 highlighting the need to increase food intake early during treatment. However, efforts at weight restoration are confounded by the complex phenotype in individuals with anorexia nervosa, which involves intense motivation to lose weight. Accurate measurement of appetite in this popu lation is challenging, as subjective ratings of hunger (a homeostatic aspect of appetite) and desire to eat preferred foods (reflecting hedonic drive) are lower in patients with anorexia nervosa than controls, 4, 5 suggesting either denial of appetitive drive 6 or marked inability to process internal hunger and satiation cues. 7 Elucidation of the mechanisms behind this discrepancy between self-reported lack of hunger and objective state of starvation represents a significant treatment barrier and may benefit from investigation of the neural pathways involved in hedonic and nonhedonic aspects of food intake in individuals with anorexia nervosa.
Neurobiological mechanisms governing appetite in humans are highly complex. Beyond the established roles of hypothalamic nuclei, 8 neuroimaging research on individuals with healthy weight has identified regions involved in appetite regulation, including the nucleus accumbens, amygdala, hippocampus, orbitofrontal cortex, anterior cingulate cortex and insula. [9] [10] [11] In general, activation in these regions increases in response to food stimuli (especially foods of high caloric content and reward value) during hunger, with resolution following consumption of a satiating meal. 9, 10 Recent functional magnetic resonance imaging (fMRI) studies have shed light on neural circuitry deficits in women with anorexia nervosa. Of the 9 studies [12] [13] [14] [15] [16] [17] [18] [19] [20] specifically related to hunger, satiation and processing of food stimuli, 6 studies 12-17 examined patients with active anorexia nervosa (active) in comparison with healthy-weight controls (unless otherwise noted, effects described in the text that follows in individuals with anorexia nervosa are in comparison to healthy-weight controls). The earliest of these reports 12 described hyperactivation in response to high-calorie food stimuli in the insula, anterior cingulate and amygdala-hippocampal region in 6 women with active anorexia nervosa. In a later study of 16 women with mixed subtype anorexia nervosa, food stimuli elicited hyperactivation in the ventromedial prefrontal cortex and lingual gyrus and hypoactivation in the inferior parietal lobule and cerebellum. 13 In this same study, a subgroup of 9 women with restricting type anorexia nervosa demonstrated hyperactivation in the medial prefrontal cortex. 13 Using a design that incorporated variable states of appetitive motivation, Santel and colleagues 14 found hypoactivation in response to food pictures in 13 women with restricting type anorexia nervosa in the lingual gyrus after a 12-hour fast, which was associated with self-report measures of dietary restraint and disinhibition, and in the inferior parietal lobe during satiety. In a recent report on 12 women with restrictive type anorexia nervosa using a similar paradigm, patients displayed hyperactivation in response to high-calorie foods in the posterior cingulate cortex and hypoactivation in the anterior cingulate cortex after a 6-hour fast. 15 Following consumption of a small standardized meal, women with anorexia nervosa exhibited hypoactivation in the lateral prefrontal cortex, with differences lateralized in the insula: hypoactivation in the right and hyperactivation in the left insula. 15 In response to food images after a 4-hour fast in 11 women with restrictive type anorexia nervosa, Joos and colleagues 16 reported hyperactivity in patients with anorexia nervosa in the amygdala, which was negatively related to disgust ratings of the images viewed. Healthy controls, on the other hand, displayed greater activation in the middle/posterior cingulate cortex. Finally, focusing on gustatory processing in active anorexia nervosa, a sample of 12 women with restricting type disease were administered sips of chocolate milk and water during hunger (8-h fast) and satiety (after intake of variable amounts of food). 17 In response to the taste of chocolate milk (v. water) during hunger, women with active anorexia nervosa showed increased activity in the amygdala and decreased activity in the insula.
The remaining 3 reports 18-20 focused on potential brain activity phenotypes associated with state (i.e., active anorexia nervosa) versus trait (i.e., ranging from improvement in eating pathology severity and weight-restoration to full recovery from anorexia nervosa) characteristics. In the only fMRI study thus far to directly compare women with chronic anorexia nervosa (n = 8), weight-recovered women with anorexia nervosa (n = 9) and healthy controls (n = 9), hyperactivation in response to food stimuli in weight-recovered women was found primarily in the prefrontal cortex and anterior cingulate cortex in separate comparisons with anorexia nervosa and controls, with hypoactivation in visual areas. 18 In an additional fMRI study investigating the trait neural response to gustatory stimuli in 16 weight-recovered women with anorexia nervosa, results revealed significant reduction in the blood oxygen level-dependent response to water and sucrose in the insula, caudate, putamen and anterior cingulate. 19 Finally, using a multimodal paradigm involving rewarding and aversive visual and gustatory food stimuli, Cowdrey and colleagues 20 recently described hyperactivation in weight-restored women with anorexia nervosa in the ventral striatum in response to rewarding gustatory stimuli, in the insula following aversive gustatory taste, and in the anterior cingulate cortex and caudate in response to aversive visual food stimuli.
These 9 published reports [12] [13] [14] [15] [16] [17] [18] [19] [20] revealed considerable inconsistencies, with the possible exception of insula 12, 15 and amygdala 12, 16, 17 hyperactivation and inferior parietal lobule hypoactivation 13, 14 in women with active anorexia nervosa. There were no consistent findings in weight-restored women. Although abnormalities in the anterior cingulate, lingual gyrus and prefrontal cortex are present in other studies, the directions of effects are inconsistent. These discrepancies likely result from substantial variability among studies, including issues related to sample (e.g., small size, wide age range/ duration of illness, mixed subgroups, inclusion of only active or weight-restored women), study design (e.g., variable fasting duration/prescan caloric intake, nonstandardized meals, no control for menstrual status where applicable, variable food stimuli reward value within a single food block) and statistical and technical approaches (e.g., low magnetic resonance field strength, failure to collect field mapping for correction of geometrical distortion, whole-brain analysis, insufficient unique stimuli to achieve adequate power, uncorrected p values, insufficient statistical detail). Hence, although previous studies have provided initial evidence of food motivation circuitry dysfunction in women with anorexia nervosa, methodological limitations present challenges to the development of a cohesive neurobiological model and inhibit progress toward successful treatment approaches.
In the present study, we used a neuroanatomical approach (targeting specific regions in our circuitry of interest) with a robust fMRI paradigm in weight-restored women with anorexia nervosa, those with active disease and healthy controls to determine whether women with anorexia nervosa demonstrate abnormal patterns of activation in food motivation circuitry during processing of food cues in the context of high and low motivation, and whether these abnormal patterns resolve following recovery. Given the substantial inconsistencies in methodology and results in the anorexia nervosa neuroimaging literature, we based our rationale for region-of-interest (ROI) selection and predicted group differences on wellestablished brain activity patterns in healthy-weight control samples 9, 10 and behavioural evidence of altered appetite regulation in women with anorexia nervosa. 4 ,5 Specifically, we focused on regions associated with homeostatic (hypothalamus) and nonhomeostatic (amygdala, hippocampus, anterior cingulate, orbitofrontal cortex) food motivation. We hypothesized that compared with controls, women with active anorexia nervosa would exhibit hypoactivation in these regions in response to high-calorie food stimuli, indicating deficits in the neural circuitry controlling appetite regulation. We further predicted that these regional hypoactivities in women with anorexia nervosa would be present in response to stimuli that typically produce the most robust neural responses in healthy-weight individuals (i.e., high-calorie foods). 21 With respect to appetite manipulation, we expected women with active anorexia nervosa to demonstrate hypoactivation both after a prolonged fast and after consuming a satiating meal, reflecting the persistent state of starvation and appetite dysregulation in this disorder, despite discrete periods of food intake.
Weight-restored women often display incomplete normalization of eating behaviour and other core diagnostic features after weight recovery, 22, 23 suggesting persistent pathology despite weight gain. We therefore expected that results for weight-recovered women would fall between those for women with active disease and healthy controls. In weight-restored women compared with controls, we hypothesized similar hypoactivation in food motivation regions before eating, suggesting dysregulation of food reward circuitry that could be associated with trait (rather than state) during hunger. Finally, we predicted no differences between weight-restored women and controls in activation in these regions after eating, indicating restoration of functioning in these regions in response to food intake, which may be related to successful weight recovery.
Methods

Participants
We recruited women with anorexia nervosa-restricting type (active group) and weight-restored women with a history of anorexia nervosa-restricting type or binge-eating/purging type (weight-restored group) between the ages of 19 and 28 years from surrounding treatment centres and from the community through advertisements. For inclusion in the study, they were required to meet diagnostic criteria for anorexia nervosa according to the DSM-IV, 24 either present or past. Diagnoses were made using the Structured Clinical Interview 25 for DSM-IV, administered by a trained psychiatric nurse practitioner or doctoral-level clinical psychologist and supervised by a senior psychiatrist with extensive experience in the diagnosis and treatment of eating disorders. Weight recovery was defined as maintenance of 90%-110% ideal body weight (which takes into account height, weight and frame size) for at least 6 months. 26 Exclusion criteria included use of hormones, history of psychosis, objective binging/purging behaviours more than once a month within the last 3 months, history of diabetes mellitus, active substance abuse, contraindication to MRI and past gastrointestinal tract surgery. We recruited healthy control women with regular menses, no pubertal delay and 90%-110% ideal body weight from the community. Exclusion criteria were the same as those for the anorexia nervosa groups with the following exceptions: history of objective binging/purging behaviours, amenorrhea, excessive exercise within the last 3 months and any psychiatric disorder. After complete description of the study, we obtained written informed consent from all participants. The study was approved by the Partners HealthCare institutional review board.
Procedures
Participants arrived at the Massachusetts General Hospital Clinical Research Center having fasted for 12 hours. Healthy controls and weight-restored women presented during the follicular phase of the menstrual cycle (day 1-10). The first (premeal) fMRI scanning session occurred at 8:00 am. Participants were then asked to consume a 400 kcal mixed meal standardized for micro-and macronutrient content (18% cal ories from protein, 23% from fat and 59% from carbohydrates) over the course of 15 minutes. On meal completion, bionutrition staff weighed the portion of the meal that remained to determine exact caloric intake. The second (postmeal) fMRI scanning session began at about 9:15 am. Immediately before and after each fMRI scanning session, participants rated their appetite (hunger, desire to eat favourite food) using visual analogue scales and their current anxiety level using the State-Trait Anxiety Inventory. 29 After each fMRI scanning session, participants rated a selection of the food and nonfood stimuli on valence (highly unappetizing/unpleasant to highly appetizing/ pleasant) using visual analogue scales. After the postmeal scan, participants completed study questionnaires (Spielberger State-Trait Anxiety Inventory, 29 Eating Disorder Examination Questionnaire, 27 Beck Depression Inventory- 2 28 ).
Functional MRI paradigm
We performed fMRI scanning while participants viewed 100 high-calorie (sweet [cake, doughnuts] and savoury [pizza, chips]) and 100 low-calorie (fruit, vegetables, grilled fish) food stimuli, 100 nonfood stimuli (household objects) and 100 fixation stimuli in a block design with the block order pseudorandomized and counterbalanced. Five 4-minute runs (5 images/block; 16 blocks/run) were presented. Full colour stimuli, matched for luminance, were presented for 3 seconds; each image was presented 1 time only to each participant. To ensure attention to the stimuli, we instructed participants to look at each image closely and to press a button when pictures changed. To create the fixation slides, food and nonfood stimuli were Fourier transformed to create images with the same physical properties but without recognizable content. A Dell Latitude D820 computer running Presentation software (Neurobehavioural Systems) projected visual stimuli onto a screen at the rear of the magnet bore; participants viewed the stimuli through a head coil-mounted mirror. This and similar fMRI paradigms have been shown to elicit robust activation in our ROIs in previous studies in healthy individuals.
9-11,21
Functional MRI scanning parameters 
Data analysis
We preprocessed fMRI data using Statistical Parametric Mapping (SPM8; Wellcome Trust Center for Neuroimaging) and custom routines in MATLAB (Mathworks Inc.). Processing began with realignment and geometric unwarping of EPI images using magnetic fieldmaps, correction for bulk-head motion, nonlinear volume-based spatial normalization using the standard Montreal Neurological Institute (MNI) brain template and spatial smoothing with a Gaussian filter (6 mm fullwidth at half-maximum). Correction of geometric distortions in regions with high susceptibility artifact, such as the frontal and temporal lobes, [30] [31] [32] improves registration between functional and anatomic data sets, allowing for better estimation of anatomic localization of functional activation in group analyses. 33, 34 We used well-established artifact detection tools (http ://web .mit .edu .ezp-prod1 .hul .harvard .edu /swg /soft ware .htm) to identify and exclude outliers in the global mean image time series and movement parameters. After preprocessing, statistical analysis was performed at the single-subject level. Specific comparisons of interest (high-calorie foods v. objects, separately for premeal and postmeal) were tested using linear contrasts, and SPM maps were created based on these contrasts.
Results from the single-subject level were submitted to second-level random effects analyses. We used independent sample t tests to compare the size of a particular effect between groups. Given hypotheses about specific brain regions, we used an approach in SPM8 that limits voxel-wise analyses to voxels within a priori ROIs. Anatomically defined ROIs included the hypothalamus, nucleus accumbens, amygdala, hippocampus, orbitofrontal cortex, anterior cingulate cortex and anterior insula. Anatomic borders of hypothesized regions were defined using a manually segmented MNI-152 brain. A priori ROIs were segmented and parcellated as individual structures. [35] [36] [37] [38] [39] All structures were segmented using a contour line and manual editing, producing core files for subcortical grey matter and cortical parcellation units that could be overlaid on the SPM8 canonical brain using the Wake Forest University PickAtlas 40 toolbox for SPM to localize foci meeting significance and cluster thresholds. We performed small volume correction to identify significant clusters (voxelwise p < 0.05, uncorrected; extent threshold = 2 voxels in the hypothalamus and nucleus accumbens, given their small volumes, and 4 voxels for all other ROIs), as per the standard SPM8 statistical thresholding approach combining height (p value) and size (number of voxels) thresholds, determined by Gaussian random field theory. 41 This conjoint thresholding provides p values that are corrected for the entire volume. 41 From these identified clusters, we report results for ROIs significant at p < 0.1 (corrected for multiple compari sons within the search volume using family-wise error [FWE] correction). We considered results to be significant if they reached a voxelwise significance of p < 0.05, FWE-corrected.
Although the main focus of this investigation was on between-group differences, within-group analyses of the high-calorie versus object contrast (separately for premeal, postmeal and for premeal v. postmeal) for each group were also conducted and are reported as supplementary data (Appendix 1, available at cma.ca/jpn). Beyond a priori ROIs, regions reaching a stricter threshold at the whole-brain level for the main between-group analyses (voxel-wise p < 0.05, uncorrected; extent threshold = 10 voxels) are also reported as supplementary data (Appendix 1).
Between-group random-effects analyses were then repeated using % ideal body weight as a confounding variable in between-group comparisons, limiting our search to the same anatomic ROIs and statistical thresholds mentioned previously. This strategy allowed for investigation of between-group differences in activation, independent of group differences in % ideal body weight (i.e., body mass index and frame size). A neuroanatomist (N.M.), who was blind to study hypotheses and specific nuclei of interest, labelled activated clusters within the amygdala and anterior insula by visual inspection.
Anatomic overlays were used on each participant's statistical maps to acquire signal change values across ROIs. Values indicated the degree of change in magnetic resonance signal detected between the high-calorie food and object conditions. Average % signal change values (β weights averaged across all voxels within functional clusters identified in the group contrasts) were obtained using the REX toolbox for SPM8. 42 We used these values to calculate effect sizes for the difference between groups in these same clusters (e.g., effect size = [control group mean (high-calorie foods -objects % signal change) -active group mean (high-calorie foodsobjects % signal change)] ÷ standard deviation of % signal change value of the whole sample). We also used the values in brain-behaviour correlational analyses. We analyzed behavioural data using SPSS software, version 19 (SPSS Inc.). Demographic and clinical characteristics were analyzed using independent t tests. Appetite, anxiety and stimu li ratings were analyzed using analyses of variance (ANOVAs) with post hoc correction for multiple comparisons using the Tukey test. Pearson correlations were used to quantify relations between individual % signal change values and appetite and stimuli ratings in each group. These separate within-group correlations were compared using Fisher z transformation to verify significant between-group differences in correlations. We considered results to be significant at p < 0.05.
Results
Demographic, clinical and behavioural data
We enrolled 12 women with anorexia nervosa-restricting type, 10 weight-restored women (restricting type n = 8, binge-eating/purging type n = 2) and 11 healthy-weight control women in our study. All 3 groups were matched for sex and handedness (Table 1) . Although the weight-restored group was slightly (p = 0.039) older than the healthy control group, the mean group difference was only 1.8 years. All weight-restored women had regular menses.
Per design, women with active disease had significantly lower % ideal body weight than weight-restored and control women (Table 1) . Women with active disease had significantly greater eating disorder symptoms and trait anxiety symptoms than weight-restored and control women. Weight-restored women and those with active disease had comparable depressive symptoms that were greater than those of controls.
Groups did not differ in overall caloric intake during consumption of breakfast, indicating that differences in brain activity during the postmeal session could not be attributed to differences in caloric intake ( Table 2 ). On premeal appetite ratings (and not postmeal ratings), control women exhibited greater hunger and desire to eat their favourite food than women with active disease (and to a lesser degree, weightrestored women). Control women rated high-calorie food stimuli as more appetizing than women with active disease pre-and postmeal, and more appetizing premeal than weight-restored women. Women with active disease exhibited higher levels of state anxiety than controls and weightrestored women before and after scanning. Results reveal †The Spielberger State-Trait Anxiety Inventory is a self-report of current and "usual" levels of anxiety. Forty statements are rated on a scale from 1 to 4 (1 = statement poorly reflects feelings of anxiety; 4 = statement accurately reflects feelings of anxiety). The standardized global score reflects how the individual feels in general (trait-level anxiety). Any score < 50 is in the low normative range.
‡Four women with active anorexia nervosa were taking psychotropic medications: 1 was taking venlafaxine, 1 was taking fluoxetine, 1 was taking a low dose of amphetamine/ dextroamphetamine (5 mg 24 h before the scan) and 1 was taking escitalopram and aripiprazole. Two weight-restored women were taking psychotropic medications: 1 was taking bupropion and lorazepam and 1 was taking fluoxetine. §Comorbid Axis I diagnoses in the active group included 3 patients with current generalized anxiety disorder (GAD); 1 patient with current attention-deficit/hyperactivity disorder not otherwise specified (ADHD NOS); 1 patient with current GAD, history of bipolar I, history of ADHD NOS and history of posttraumatic stress disorder; 2 patients with a history of major depressive disorder (MDD); and 1 patient with a history of depressive disorder NOS. Comorbid Axis I diagnoses in the weight-restored group included 1 participant with current MDD and GAD and 1 participant with a history of MDD and social phobia. differences in self-report of hunger and food motivation between weight-restored women, those with active disease and healthy controls, despite similar caloric intake.
Functional MRI data
Data are presented here for the 12 women with active anorexia nervosa, 10 weight-restored women and 11 healthy controls described in the previous section. One additional healthy control participant was excluded owing to technical error during data acquisition, and 2 additional participants (1 woman with chronic anorexia nervosa, 1 control) were excluded owing to excessive movement.
The main contrasts of interest focused on differences between groups in response to high-calorie foods pre-and postmeal. Compared with controls, women with active disease exhibited hypoactivation premeal in the hypothalamus, amygdala, hippocampus, orbitofrontal cortex and anterior insula and postmeal in the amygdala and insula (Table 3 , Fig. 1 ). After controlling for % ideal body weight, premeal between-group differences remained significant in the anterior insula and amygdala; postmeal differences remained significant in the anterior insula and showed a trend toward significance in the amygdala. Women with active disease did not exhibit greater activation than controls in response to high-calorie foods either pre-or postmeal. Controls displayed greater activation than weight-restored women premeal in the hypothalamus, amygdala and anterior insula, with results showing a trend toward significance even after controlling for % ideal body weight (Table 3 , Fig. 1 ). There were no differences in activation between controls and weight-restored women postmeal. Differences between women with ac tive disease and weight-restored women were restricted to postmeal, with women with active disease exhibiting amyg- †The Spielberger State-Trait Anxiety Inventory is a self-report of current and "usual" levels of anxiety. Forty statements are rated on a scale from 1 to 4 (1 = statement poorly reflects feelings of anxiety; 4 = statement accurately reflects feelings of anxiety). The standardized global score reflects how the individual feels in general (trait-level anxiety). Any score < 50 is in the low normative range.
‡Participants rated their appetite immediately before and after each functional magnetic resonance imaging scanning session. These scales consisted of several questions using a visual analogue scale, each presented with a set of 100 mm lines anchored by "not at all" on the left and "extremely" on the right. §After each functional magnetic resonance imaging scanning session, participants rated a selection of the food stimuli on valence using a visual analogue scale, each presented with a set of 100 mm lines anchored by "highly unappetizing/unpleasant" on the left and "highly appetizing/pleasant" on the right. dala hyperactivation and anterior insula hypoactivation compared with weight-restored women. This result remained significant after controlling for % ideal body weight (Table 3 , Fig. 1 ). Comparisons of individual % signal change values confirmed these results, with effect sizes ranging from threequarters to more than 1 full standard deviation difference, and a more modest effect size difference (0.54) between women with active disease and weight-restored women in amygdala hyperactivation postmeal (Table 3) . Within-group analyses of the high-calorie versus object contrast (premeal, postmeal and premeal v. postmeal) are summarized in the Appendix (Tables S1-S3) , as are results of between-group analyses at the whole-brain level (Table S4) . Relations between % signal change values and visual analogue scales for stimuli and appetite ratings examined whether group differences in activation in response to highcalorie food stimuli were partially driven by individual differences in subjective appetite and stimuli ratings. Ratings of high-calorie food stimuli valence were positively correlated with premeal % signal change in the insula in control women but not in women with active disease (Table 4) . Premeal insula % signal change was positively related to appetite ratings in controls, including hunger and desire to eat favourite foods, but not in women with active disease. In weight-restored women, premeal % signal change in the hypothalamus was positively associated with desire to eat favourite foods, a relation not present in controls. Premeal % signal change in the amygdala was positively correlated with desire to eat favourite foods in controls and weight-restored women, but not in women with active disease. These results suggest that during a state of high motivation, higher ratings on behavioural evaluations of subjective appetite and rewarding food-related stimuli correspond to greater activation in the insula in controls, the hypothalamus in weightrestored women and the amygdala in controls and weightrestored women, but not in women with active disease.
Discussion
Elucidation of the brain phenotype associated with active disease and recovery in individuals with anorexia nervosa will contribute to understanding the neurobiology and development of more effective treatment strategies. We report systematic hypoactivations in the hypothalamus, amygdala and anterior insula in women with active anorexia nervosa and in weight-restored women compared with healthy-weight controls during a state of high motivation (premeal), suggesting that these deficits might be enduring traits of anorexia J Psychiatry Neurosci 2012;37(5) Table 3 , centred on the peak voxel of activation at a significance level of p < 0.05, uncorrected.
state of anorexia nervosa, with restored ability to regulate appetitive signals following food intake after recovery. Importantly, anterior insula and amygdala hypoactivations in both anorexia nervosa groups premeal were independent of body weight, providing additional evidence that among the women with active disease, these deficits were unassociated with low weight or starvation. Finally, activations in the hypothalamus, amygdala and anterior insula in controls and weight-restored women were significantly associated with behavioural indicators of hedonic (desire for favourite foods) and nonhedonic (hunger) aspects of appetite, relations that were not present in women with active disease. Taken together, these results provide evidence for an association between active anorexia nervosa and amygdala and insula dysfunction after eating, with additional findings suggesting that the phenotypic abnormal brain response in these regions and in the hypothalamus during a state of hunger and high appetitive motivation may persist after weight restoration.
To our knowledge, widespread food motivation circuitry hypoactivation in response to high-calorie foods has not previously been reported in studies of anorexia nervosa. We found that, in contrast to controls, women with active disease exhibited significantly less activation in the hypothalamus, amygdala, hippocampus, orbitofrontal cortex and anterior insula during hunger and in the amygdala and anterior insula during satiety, with effect sizes greater than three-quarters of a standard deviation difference in % signal change. In comparison to 2 studies that examined neural circuitry related to processing of visual food stimuli in women with anorexia nervosa using similar paradigms, 14, 15 our results are largely dissimilar. Although Santel and colleagues 14 reported hypoactivation in women with active anorexia nervosa compared with healthy controls, the decreased activation was observed largely in the lingual gyrus premeal and in the inferior posterior lobule postmeal -posterior regions not typically involved in food-related processing of hunger and satiation. Furthermore, in contrast to Gizewski and colleagues, 15 who reported hyperactivation in women with active anorexia nervosa in the posterior cingulate premeal and in the right mid-insula postmeal, we did not find any regions in which women with active anorexia nervosa demonstrated elevated activation in response to food images. These discrepancies could be related to a variety of methodological differences between the studies (e.g., magnetic resonance field strength, activation paradigm, data analytic approach). However, similar to Gizewski and colleagues, 15 we found hypoactivation postmeal in the left insula in women with active disease. In addition, our results of premeal insula hypoactivation in weight-restored women are in agreement with those of a previous report of insula hypoactivation in response to gustatory stimuli in a similar group 19 despite signifi cant differences in methodology. Thus, with respect to the larger context of neuroimaging studies on anorexia nervosa focused on hunger and satiety mechanisms, our findings most strongly support the evidence for significant hypoactivation in the insula in women with active anorexia nervosa.
Our findings of hypothalamus, amygdala and anterior insula hypoactivation in weight-recovered women during a state of high appetitive motivation, even after controlling for % ideal body weight, offer compelling evidence that these hypoactivations may be traits of anorexia nervosa. We note that, importantly, the functions of these regions are not limited to processes related to appetite and food intake regulation. These regions are also highly involved in the response to stressful stimuli in healthy controls 43 and have been implicated in anxiety disorders, including generalized anxiety disorder, 44, 45 social anxiety disorder 46 and obsessive-compulsive disorder. 47, 48 Although activity in the amygdala 44, 46, 48 and insula [45] [46] [47] is generally heightened in individuals with anxiety disorders (rather than hypoactive, as observed here in women with anorexia nervosa), we cannot rule out the possibility that dysfunction in these regions in women with anorexia nervosa might reflect a generalized anxiety response to food images.
Having stated this caveat, we focus on interpretation of activation in these regions with respect to hunger and satiation given our design and hypotheses. The hypothalamus governs several homeostatic functions regulating arousal and food intake, with receptors for several potent appetite hormones and neuropeptides, including ghrelin, leptin, neuropeptide Y, agouti-related protein, insulin and glucose identified in hypothalamic nuclei involved in hunger and satiation signalling (i.e., arcuate nucleus). 8, 49, 50 Hypoactivation in response to highcalorie foods in the hypothalamus premeal in women with active disease and weight-restored women, which to our knowledge has not been reported previously, might be related to well-established neuroendocrine abnormalities in individuals with anorexia nervosa. [51] [52] [53] [54] [55] The amygdala is involved in learning cues associated with satiation, approach behaviours related to food and assessing reward value of food, [56] [57] [58] [59] and has dense connections with the anterior insula. 60, 61 The anterior "limbic" insula contains the primary taste cortex, 62,63 plays a J Psychiatry Neurosci 2012;37(5) role in the assessment of affective tone and motivational behaviour [64] [65] [66] and is involved in autonomic integration of visceral and proprioceptive signalling, assisting in the generation of a representation of one's physical and internal state that is integral to self-awareness. 65 It is also involved in aspects of cognitive control, such as intentional inhibition, awareness of performance errors 66 and prediction of future emotional responses. 67 Efferent outputs from the anterior insula to the amygdala are responsible for relay of sensory and visceral information to the limbic system, 60 providing information regarding physical and emotional comfort and discomfort, including during conditioned taste aversion. 68 Thus, associations between activations in these regions and subjective ratings of homeostatic and rewarding aspects of food motivation were observed in controls, but not in women with active disease, providing evidence that these deficits may contribute to disrupted food-related behaviours.
Limitations
Our findings are limited by a relatively small sample size. However, we included a larger sample of participants than the single previous fMRI study examining food motivation circuitry in women with active disease, weight-restored women and healthy controls, and we report substantial effect sizes of between-group differences, suggesting that our study had adequate statistical power. Although use of an ANOVA model would have allowed for full exploration of within-and between-group interaction effects, we did not have sufficient power to use this statistical approach. We included participants who were taking psychotropic medication, which may have had an effect on some activations, but would not have produced differential within-subject patterns of results pre-and postmeal. Future studies should attempt to recruit medicationfree participants. Two weight-restored women showed signs of moderate depression, although % signal change values for these participants were close to the mean for the group in all regions (data not shown). Finally, we were not able to counterbalance the order of our scanning sessions, thus we cannot rule out the possibility that postmeal group differences reflect physiologic phenomena (other than the effect of food intake), such as slower habituation to high-calorie foods. However, if postmeal findings were simply related to to physiologic phenomena, then one would not expect our region-specific results.
Conclusion
Self-report of hunger and perception of the reward value of food are significantly altered in women with active anorexia nervosa, with ongoing debate regarding whether these abnormalities are driven by physiologic or psychological processes. Although weight gain through restoration of healthy eating patterns is the primary goal (especially early) in treatment, eating behaviour disturbances remain even after recovery, with life-long risk of relapse. Our data provide evidence of potential state and trait patterns of hypoactivation in food motivation regions involved in appetitive behaviours, assessment of food's reward value and integration of these with interoceptive signalling of one's internal state of well-being and homeostatic and hedonic aspects of appetite. These findings stress the importance of examining state and trait characteristics in investigations of brain phenotypes in individuals with anorexia nervosa.
